A robust gonadotropin-releasing hormone (GnRH) surge is a prerequisite signal for the luteinizing hormone (LH) surge that triggers ovulation. In rodents, the GnRH surge is initiated by elevated estradiol and a diurnal switch in estrogen action from negative to positive feedback. The ability of constant estradiol treatment to induce daily LH surges was tested in adult mice that were ovariectomized (OVX) or OVX and treated with estradiol implants (OVX؉E). LH in OVX mice showed no time-of-day difference. In contrast, OVX؉E mice showed a large LH surge (8-to 124-fold relative to the a.m.) in p.m. samples on d 2-5 post-OVX؉E. Targeted extracellular recordings were used to examine changes in firing activity of GnRH neurons in brain slices. There was no time-of-day difference in cells from OVX mice. In contrast, OVX؉E cells recorded in the p.m. showed an increased mean firing rate and instantaneous firing frequency, which could increase GnRH release, and decreased duration of quiescence between bouts of firing, possibly reflecting increased pulse frequency, compared with cells recorded in the a.m. In the a.m., OVX؉E cells showed changes in GnRH neuron firing reflecting negative feedback compared with OVX cells, whereas in the p.m., OVX؉E cells exhibited changes suggesting positive feedback. These data indicate that differences in pattern and level of individual GnRH neuron firing may reflect the switch in estradiol action and underlie GnRH surge generation. The persistence of altered GnRH neuron activity in slices indicates that this approach can be used to study the neurobiological mechanisms of surge generation.
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luteinizing hormone ͉ mouse model ͉ surge ͉ electrophysiology ͉ neuroendocrinology G onadotropin-releasing hormone (GnRH) neurons of the preoptic area and hypothalamus are responsible for the production and secretion of GnRH and form the final common pathway in the central regulation of fertility. The ovarian steroid hormone estradiol feeds back to form both negative and positive loops to modulate the function of GnRH neurons and gonadotropes of the anterior pituitary (1) (2) (3) (4) (5) (6) . At the end of the follicular phase (proestrus in rodents), when estradiol levels are highest, the response to it switches from negative to positive feedback through mechanisms that are still not well understood. This switch, in turn, leads to a large, continuous increase in GnRH levels in pituitary portal blood, or a GnRH surge, which serves as the final, prerequisite signal for the pituitary luteinizing hormone (LH) surge, subsequently initiating ovulation. Preovulatory GnRH surges have been demonstrated in rats (7) , sheep (8, 9) , and monkeys (10) .
An influence of the circadian timing system on reproduction has been shown in many mammals, including humans. The LH surge in most women begins in the early morning (11) . Similarly, in nocturnal rodents, the LH surge begins immediately preceding their active period, around the time of lights off (12) . The precise timing of the surge in rodents has been exploited in previous studies investigating surge regulation. When barbiturates are administered to temporarily block neural activity in the midafternoon of proestrus in rats, ovulation is delayed 24 h (13), indicating that a daily neural signal is required for ovulation. When animals are housed under different light-dark cycles, the LH surge occurs near the time of activity onset (14) . Changing the environmental lighting schedule alters the time of the LH surge in the same manner as circadian locomotor activity, indicating a constant phase relationship between circadian rhythms and the timing of the LH surge (15) . Mice and hamsters with altered circadian periods show parallel effects on LH surge timing and, in many cases, impaired fertility (16) (17) (18) .
The use of mice in studies investigating the GnRH system has increased greatly in recent years (19) (20) (21) (22) (23) (24) (25) (26) . Previous studies in mice have used a regimen of ovariectomy followed by injections of estrogen and͞or progesterone at specific times to induce a LH surge (12, 27) . These experimental paradigms, however, are highly dependent on correct timing and dosage of multiple steroid administrations. The design of a one-variable mouse model would thus be highly advantageous for studying the endogenous generation and timing of GnRH surges from both an animal-handling and data-interpretation standpoint. Treatment of ovariectomized (OVX) rats and hamsters with estradiol implants (OVXϩE) that mimic the sustained high levels of estradiol of proestrus induces repetitive daily LH surges that are appropriately timed to the late afternoon (28, 29) .
Here, we created a mouse model exhibiting daily LH surges with OVXϩE treatment using transgenic mice in which GnRH neurons are identifiable by GFP expression (22) , allowing for direct electrophysiological examination of the surge mechanism. To test the hypothesis that the GnRH surge is generated by an increase in GnRH neuron activity, we made noninvasive singleunit extracellular recordings of GnRH neurons (30) to examine changes in individual GnRH neuron firing rates and patterns associated with both the LH surge and the switch from estradiol negative to positive feedback.
Materials and Methods
Animals. Adult (2-3 months old) transgenic female mice in which GFP is genetically targeted to GnRH neurons (22) were used. Mice were housed on a 14-h light:10-h dark cycle with lights off at 6:30 p.m. (all times are Eastern standard time) and maintained on Harlan 2916 chow and water ad libitum. At least 3 d before surgery, animals were transferred to a room in 14-h light:10-h dark with lights off at 4:30 p.m. to allow for acclimation to the advanced light cycle. For electrophysiology experiments, a subset of animals was not moved to the advanced light cycle before surgery; no differences in any recording parameters were observed. Mice were OVX (d 0) under isofluorane anesthesia (Abbott) and were either simultaneously implanted with a silastic capsule (Dow-Corning) containing 0.625 g of estradiol suspended in sesame oil (OVXϩE, n ϭ 131 mice) or not treated further (OVX, n ϭ 27 mice). LH levels measured in OVX animals implanted with a capsule containing only sesame oil vehicle were not different from levels in OVX alone (oil, 2.36 Ϯ 1.2 ng͞ml; no oil, 2.35 Ϯ 0.5 ng͞ml; P ϭ 0.99). Estradiol levels on d 2 (33.6 Ϯ 2.2 pg͞ml) and 4 (35.2 Ϯ 3.3 pg͞ml) showed no difference from each other (P ϭ 0.69) or our previous report on d 5-9 postimplantation (31) and were physiological (32) . Estradiol was administered solely in vivo and was not present in any recording solutions. Postoperative analgesia was provided by a long-acting local anesthetic (0.25% bupivicaine, 7 l per site, Abbott). For electrophysiology experiments, endocrine status was confirmed by measurements of uterine weight (OVX, 33.8 Ϯ 1.3 mg; OVXϩE, 120.4 Ϯ 3.6 mg; P Ͻ 0.001). For LH level experiments, trunk blood was collected from each mouse after CO 2 euthanasia. Serum LH concentration was determined by a modified, supersensitive twosite sandwich immunoassay described in refs. 33 and 34. All procedures were approved by the University of Virginia Animal Care and Use Committee.
Slice Preparation and Recordings. All reagents were purchased from Sigma; 200-m coronal sections through the preoptic area and hypothalamus were prepared with slight modifications (35) of previous descriptions (30, 36 incubated between 0.5 and 3.5 h before recording. For recording, individual slices were placed in a recording chamber mounted on the stage of a BX50WI upright fluorescent microscope (Olympus, Melville, NY). Slices were continuously superfused at 5-6 ml͞min with oxygenated recording saline kept at 30-32°C with an inline-heating unit (Warner Instruments, Hamden, CT). Experiments were performed by using an EPC 8 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany) with the Pulse Control XOP (Instrutech, Port Washington, NY) running in IGOR PRO software (WaveMetrics, Lake Oswego, OR) on a G4 Macintosh computer to acquire data.
Targeted Extracellular Recordings. Targeted single-unit extracellular recordings were chosen as the approach for this study because this method allows recording from an identified neuron with minimal impact on the behavior of that neuron (30) . Recording pipettes (1-3 M⍀) were filled with Hepes-buffered solution (30) . Slight positive pressure was applied to the pipette before entering the bath solution. GFP-GnRH neurons were identified, pressure was released, and the pipette was moved next to the GnRH neuron. Seal resistance was measured at least every 30 min during recording. Initial seal resistances ranged from 5.2 to 26.1 M⍀ and either remained stable or increased slowly over time to as high as 43.5 M⍀. If slice movement was noted during the recording, the pipette was repositioned slightly to compensate. Recordings were made in voltage-clamp mode with a pipette holding potential of 0 mV and filtering at 10 kHz and were digitized with an ITC-18 acquisition interface (Instrutech). Action currents (events), the membrane currents associated with action potential firing, were detected by using PULSE CONTROL EVENT TRACKER software (Instrutech). Data Collection and Analysis. For each event, the time of the event and 10 ms centered on the event were digitized and stored to a data file. Events were detected offline by using custom programs in IGOR PRO (36) . Using EXCEL (Microsoft) and INSTAT (GraphPad, San Diego), binned data were evaluated and statistically analyzed for the following parameters: mean firing rate, median instantaneous firing frequency, percentage of quiescence, and duration of quiescence. Mean firing rate was determined by dividing the total number of events detected by the duration of the recording. The maximum instantaneous frequency (the interval between events converted to frequency in Hz) in each 1-min bin was determined, and the median value among all bins was used as representative for each cell. Quiescence was defined as 1-min bins containing one event or less. The percentage of total bins that were quiescent and the longest duration of consecutive quiescent bins were determined for each recording. For two-group studies, LH concentrations were compared by using Mann-Whitney tests ( Fig. 1 A and B) . For multiple-group studies, LH concentrations and recording parameters were compared by using Kruskal-Wallis tests followed by Dunn's multiple comparisons tests. Data are presented as means Ϯ SEM. Statistical significance was set at P Ͻ 0.05.
Results

Constant in Vivo Estradiol Treatment Induces a Daily LH Surge in Mice.
Daily LH surges can be induced by constant estradiol treatment in hamsters and rats (28, 29) . We first tested whether estradiol treatment could induce daily surges in mice (n ϭ 62). Trunk blood was collected and assayed for LH levels at 7 a.m. or 4 p.m. on d 2-5, 10, and 12 post-OVXϩE. In all a.m. samples (n ϭ 27), LH was low (0.14 Ϯ 0.04 ng͞ml), often near the level of detection for this assay. In marked contrast, a large surge in LH (8-to 124-fold) was consistently observed in the p.m. samples (n ϭ 35) on d 2-5 ( Fig.  1 A) (P Ͻ 0.05). The LH levels measured in the p.m. on d 4-5 were significantly lower (P Ͻ 0.01) than the levels measured in the p.m. on d 2, indicating a possible damping phenomenon of the LH surge with persistent estradiol treatment. Within d 4 and 5, however, average p.m. levels were 8-to 29-fold greater than the average a.m. levels, suggesting that surges were occurring but with a lower amplitude. There was no significant a.m.͞p.m. change in LH levels on d 10 and 12, although the average p.m. value (n ϭ 8) on both days was Ϸ6-fold higher than the average a.m. value, indicating that surges might still be occurring on those days.
Additional mice (n ϭ 44) were sampled on d 2 from 1:30 to 7:30 p.m. to determine the onset and duration of the LH surge. Surge onset reliably occurred 1.5 h before lights off; elevated LH persisted through 3 h after lights off (Fig. 1B) . (Fig. 1C) . It should be noted that these values were obtained through averages of one sample per animal at different times, rather than many samples from the same animal, thus preventing a determination of exact surge onset time or duration for individual animals. These data indicate that estradiol is required for a daily LH surge and that this surge persists at least 5 d after OVXϩE surgery.
Diurnal Changes in Firing Activity of GnRH Neurons From OVX vs.
OVX؉E Mice. The increase in LH levels in the p.m. could be due to an increase in responsiveness to GnRH, an increase in GnRH release, or both. Changes in GnRH release are likely reflected in changes in the action potential firing activity of these neurons. Using a targeted single-unit recording technique, the firing of GnRH neurons was monitored for 60 min by recording the changes in membrane current that produce action potentials. Although these currents are not action potentials per se, preliminary whole-cell current-clamp recordings in a small number of cells indicated the same trends as the extracellular data. For simplicity, we have used the phrase ''firing rate'' to refer to the frequency of events recorded extracellularly. Fig. 2 A and B show representative examples of GnRH neuron firing in the a.m. and p.m., respectively. Group data for mean firing rate (a measure of overall activity), instantaneous frequency (a possible correlate of hormone release), and duration and percentage of time in quiescence are shown in Fig. 2 C-F . There was no time-of-day difference in any recording parameters in cells from OVX mice (a.m., n ϭ 9 cells and seven mice; p.m., n ϭ 13 cells and nine mice; P Ͼ 0.05; Fig. 2 ). Three of 9 OVX cells recorded in the a.m. and 2 of 13 OVX cells recorded in the p.m. were quiescent (Ն90% time in quiescence). In marked contrast, OVXϩE cells recorded in the p.m. (n ϭ 11 cells and nine mice; Fig. 3B ) showed increased mean firing rate ( Fig. 3C ; P Ͻ 0.001) and instantaneous firing frequency ( Fig. 3D ; P Ͻ 0.001) and decreased duration ( Fig. 3E ; P Ͻ 0.001) and percentage ( Fig. 3F ; P Ͻ 0.001) of time in quiescence compared with cells recorded in the a.m. (n ϭ 8 cells and eight mice; Fig. 3A) . Six of eight OVXϩE cells recorded in the a.m., but no cells recorded in the p.m., were quiescent. Cells were recorded on d 2-4; although p.m. LH levels were lower on d 4 compared with d 2, there were no differences in any recording parameters within the OVX and OVXϩE groups among animals recorded on different days in either the a.m. or p.m. Additionally, there were no differences within the OVXϩE p.m. group among cells that were from slices prepared before or after surge onset. The increases in mean firing rate and instantaneous firing frequency, and the decrease in percentage of quiescent time, reflect an increase in overall GnRH neuron activity and would likely produce an associated increase in GnRH release. Alterations in the duration of quiescent time indicate an estradiol-dependent diurnal reorganization of GnRH neuron firing patterns. These data, together with the lack of any diurnal variation in GnRH neuron activity in the absence of estradiol, suggest that increased GnRH neuron activity in the p.m., as evidenced by changes in both firing rate and pattern, underlies the generation of the GnRH surge and that these changes are estradiol-dependent.
Firing Patterns in OVX vs. OVX؉E Mice in the a.m. LH levels were lower in OVXϩE animals than OVX animals in the a.m., indicative of estradiol negative feedback. Comparison of GnRH neuron firing patterns in the a.m. from OVX and OVXϩE mice showed that estradiol treatment increased duration of quiescent time ( Fig. 4C ; P Ͻ 0.05). Mean firing rate, instantaneous firing frequency, and percentage of time in quiescence were not different. These data indicate that estradiol negative feedback may exert its effects through changes in the pattern of GnRH neuron firing, reflecting decreased GnRH neuron activity.
Firing Patterns in OVX vs. OVX؉E Mice in the p.m. LH levels were higher in OVXϩE animals than OVX animals in the p.m., indicative of estradiol positive feedback. Comparison of GnRH neuron firing patterns in the p.m. from OVX and OVXϩE mice showed that estradiol treatment increased mean firing rate ( Fig.  4E ; P Ͻ 0.05) and decreased duration ( Fig. 4G ; P Ͻ 0.05) and percentage ( Fig. 4H ; P Ͻ 0.05) of time in quiescence. Estradiol treatment did not significantly affect instantaneous firing frequency. These data indicate that changes in the rate and time of quiescence of GnRH neuron firing may underlie estradiol positive feedback, reflecting increased GnRH neuron activity.
Discussion
Although the preovulatory GnRH and LH surges are critically important to female reproductive function, their underlying mechanisms are only beginning to be understood. With the advent of transgenic mice allowing GnRH neuron identification in brain slices and the increased capability of genetic studies using the mouse system, the creation of a single-variable mouse model that reliably exhibits daily LH surges will greatly facilitate advancing our knowledge of the neurobiological changes responsible for surge regulation. Here, we demonstrated that ovariectomy and immediate constant physiological estradiol replacement through s.c. capsules can induce daily LH surges in mice. Importantly, these changes in LH in the whole animal are reflected in consistent changes in GnRH neuron firing activity in brain slices.
The ability to induce daily LH surges by ovariectomy and constant estradiol treatment in mice echoes findings using similar treatment regimens in rats and hamsters (28, 29) . Previous reports indicated that constant estradiol treatment through s.c. capsules alone did not induce LH surges in mice (12) . This discrepancy could be due to strain differences, although it is more likely a result of different estradiol dosages. In the previous study, capsules contained 5 g, compared with 0.625 g in the present experiments. The constant higher dosage in the previous study may have prevented the induction of LH surges through a damping or desensitizing phenomenon, such that a LH surge could only be induced by a secondary stimulus from a subsequent estradiol injection. The present findings, using an implant that produces a physiological level of estradiol and measuring LH levels on consecutive days soon after the day of surgery, indicate that, despite potential differences between rodent species in the degree of reproductive sensitivity to pheromonal and social cues, the underlying mechanisms of GnRH and LH surge generation and timing may largely be similar.
To investigate changes in GnRH neuron activity associated with the LH surge, the present experiments used targeted, single-unit extracellular recordings to examine changes in firing activity of GFP-identified GnRH neurons in brain slices. Estradiol treatment induced marked diurnal variations in GnRH neuron firing rates and patterns that were consistent with the change in LH levels characteristic of the LH surge. Additionally, comparison of OVX and OVXϩE cells in the a.m. and the p.m. indicated changes in firing rates and patterns associated with estradiol negative and positive feedback, respectively, which were also consistent with the observed changes in LH levels. The relationship between electrical activity and hormone release has been demonstrated in magnocellular neurosecretory cells of the paraventricular (38, 39) and supraoptic nuclei (40) , as well as the GnRH system (41) . Thus, it is likely that the changes observed here are directly related to, and indicative of, the increased GnRH release that is characteristic of the GnRH surge.
The present studies are consistent with previous reports indicating that in vivo estradiol treatment produces changes in GnRH neuron function that can be measured in acutely prepared brain slices recorded in the absence of in vitro estradiol (31, 36) . Furthermore, the results of the present experiments may help refine interpretation of these two previous studies, perhaps resolving some apparent discrepancies. Targeted extracellular recordings performed in the same manner as the present study but on d 5-9 post-OVX revealed that estradiol increased the interval between episodes of GnRH neuron firing, indicative of negative feedback, which was also reflected in LH levels in that model (36) . In the same model, in vivo estradiol treatment was shown to affect the amplitude, duration, decay time, and voltage dependence of both activation and inactivation of A-type potassium currents (31) . In contrast to what would be expected in a model of estrogen negative feedback, estradiol increased the excitability of GnRH neurons through a decrease in both the threshold and latency for action potential generation.
Although these results initially appear paradoxical, the time of day at which the above studies were performed helps place those data in concordance with the current observations. The previous extracellular recordings were done at different times of day, but largely at the time of negative feedback. This situation occurred because the single-recording setup then in the laboratory was in use for other studies (specifically, the recordings of potassium currents from 2-7 p.m., which largely overlaps with when positive feedback was observed in the present study). Thus, the changes in potassium currents and excitability may have, in fact, reflected changes involved in estradiol positive rather than negative feedback. Further studies on potassium current changes in GnRH neurons, using the surge model presented here, could ascertain whether the estradiol-induced changes in potassium channel function and neuronal excitability are associated solely with estradiol action or whether a diurnal component exists for these parameters as well.
Studies of rats and sheep have indicated that a GnRH surge accompanies and is required for the LH surge (7) (8) (9) 42) , and more recent studies in rhesus monkeys have indicated that a GnRH surge is present and required in this species as well (10, 43) . In rodents, the amplitude of the GnRH surge has been reported to be too small to trigger a LH surge without an accompanying increase in pituitary responsiveness to GnRH (44, 45) . An increase in GnRH receptor expression in the pituitary before an estradiol-induced LH surge has been demonstrated in monkeys and sheep (46, 47) . In rodents, the relationship of pituitary GnRH receptor expression to LH surge generation is unclear. Some studies in OVX rats indicated that pituitary GnRH receptor expression decreases before an estradiolinduced surge (48) , suggesting that estradiol exerts a negative feedback effect at the pituitary before the LH surge, making a GnRH surge critical for LH surge generation. Other studies, however, have indicated an increase in GnRH receptor mRNA before both proestrus and estradiol-induced surges that persists throughout the LH surge in rats (49, 50) . A self-priming effect of GnRH to increase GnRH receptor expression may provide another mechanism whereby a small-amplitude GnRH surge may trigger a LH surge (51) . A decay in GnRH receptor expression or pituitary sensitivity may be a potential mechanism for the damping of LH surge amplitude observed with sustained estradiol treatment (29) . The mouse model presented here could prove useful in dissecting out the roles of the neural and pituitary components responsible for surge regulation.
Previous studies on electrical activity in the hypothalamus during the surge, using radiotelemetric recordings of GnRH pulse generator activity, indicated a decrease in multiple unit activity (MUA) associated with LH surges in monkeys and goats (52, 53) . This finding contrasts with the present data, which show dramatic increases in GnRH neuron activity associated with the LH surge in mice. A difference in experimental techniques likely accounts for these opposed findings. MUA recordings measure the neuronal activities of a pool of unidentified neurons, which may include both GnRH and non-GnRH neurons. In contrast, targeted extracellular recordings allow for measurement of individual GnRH neuron activity. Furthermore, because MUA represents firing activity of many cells, several of these cells must fire synchronously for a peak to be detected. Therefore, if there is general desynchronization among recorded cells during the GnRH surge, peaks in MUA might not be evident, even if individual cells had increased firing activity.
In this regard, it remains unclear whether the GnRH surge is generated through changes in individual GnRH neuron firing activity, a change in the coordination or synchronization of firing between cells, or a combination thereof. It is possible that the increase in GnRH release at the time of the surge is due to many cells firing at a higher rate simultaneously so that larger pulses of GnRH are secreted or cells alternating their firing so that GnRH levels in the portal pituitary blood are continuously elevated. Alternatively, the GnRH neuron population may be subdivided into ''pulse'' cells and ''surge'' cells, with the former primarily responsible for pulsatile GnRH release and the latter active only during the surge. The regularity of the observation of high firing frequency cells in the p.m. may indicate that many GnRH neurons participate in the surge response, as was suggested by the large percentage of GnRH neurons expressing cFos at that time in rats and sheep (54, 55) .
The involvement of a daily neural signal required for ovulation was first indicated by classic studies in which barbiturate treatment of rats in the midafternoon of proestrus delayed ovulation by 24 h but had no effect when administered at other times (13) , indicating that there is a ''critical period'' during which this signal is conveyed and after which ovulation becomes inevitable. The time of the critical period for daily neural signal transmission in mice is unknown. It is clear, however, that after a certain point in the day, brain slices can be prepared when LH levels are still low, yet the GnRH surge mechanism will persist in the brain slice, indicating that this approach can be used to study the underlying mechanisms of surge generation.
The studies presented here do not indicate whether the effects of estradiol feedback are due to direct or indirect actions of estradiol on GnRH neurons. Direct action of estradiol may be possible as GnRH neurons in rats and mice express mRNA of the estrogen receptor (ER) ␤-isoform (ER␤) (56, 57) , although nuclear ER␤ immunoreactivity has not been found in mouse GnRH neurons. § Although the role of ER␤ in LH surge regulation remains unclear, ER␤ knockout mice show normal LH levels (58) , and disruptions to fertility in ER␤ knockouts, such as reduced litter size, appear to be due to effects on the ovary rather than at the level of the hypothalamus or pituitary (59) . Female ER␣ knockouts, in contrast, have significantly higher levels of plasma estradiol, testosterone, and LH (20, 60) and are infertile, indicating that ER␣ is required for estradiol negative feedback and possibly for positive feedback as well. Thus, ER␣-expressing inputs may be required for the GnRH surge, and the effects on GnRH neuron activity observed here are likely at least partly due to indirect action of estradiol through upstream neurons.
In summary, the present studies indicate that changes in the pattern and level of individual GnRH neuron firing activity may reflect the switch in estradiol action and underlie GnRH surge generation. The surge model presented here, and the demonstrated persistence of the surge in brain slices, could be used to examine the neurobiological mechanisms of GnRH surge generation. The requirement of GnRH and LH surges for ovulation underscores the importance of characterizing their physiology. Understanding the underlying mechanisms of the neural control of ovulation may be of therapeutic importance in treating infertility as well as designing different methods for contraception.
